Electrochemically enhanced DNA detection was demonstrated by utilizing the couple of a synthesized ferroceneterminated peptide nucleic acid (PNA) with a cysteine anchor and a sacrificial electron donor [Fe(CN)6] 4-. DNA detection sensors were prepared by modifying a gold electrode surface with a mixed monolayer of the probe PNA and 11-hydroxy-1-undecanethiol (11-HUT), protecting [Fe(CN)6] 4-from any unexpected redox reaction. Before hybridization, the terminal ferrocene moiety of the probe was subject to a redox reaction due to the flexible probe structure and, in the presence of [Fe(CN)6] 4-, the observed current was amplified based on regeneration of the ferrocene moiety. Hybridization decreased the redox current of the ferrocene. This occurred because hybridization rigidified the probe structure: the ferrocene moiety was then removed from the electrode surface, and the redox reaction of [Fe(CN)6] 4-was again prevented. The change in the anodic current before and after hybridization was enhanced 1.75-fold by using the electron donor [Fe(CN)6] 4-. Sequence-specific detection of the complementary target DNA was also demonstrated.
Introduction
Spectroscopic detection of DNA is a commonly employed technique that exploits both nucleic acid amplification by polymerase chain reaction (PCR) and fluorescence labeling of target DNAs. 1 These are currently standard techniques for DNA detection, but require painstaking labeling of the target DNAs. In the search for simpler techniques a number of electrochemical detection methods that dispense with labeling treatments are being studied, 2 and various signal amplification methods have been developed. These include types based on electroactive diffusion species, [3] [4] [5] [6] [7] intercalating or groove binding species, [8] [9] [10] [11] ligation of nucleobases labeled with electroactive species, [12] [13] [14] [15] and methods based on more than one mediator (intercalators, groove binders, or nucleobases) and diffusion markers. [16] [17] [18] [19] The authors, in a previous report, achieved detection of target DNAs using a gold electrode modified with a probe peptide nucleic acid (PNA) possessing a ferrocene moiety as the signal part at one end and cysteine as an anchor part at the other end (Fc-PNA, Fig. 1A ). 20 Sequence-specific hybridization induced an increase in the rigidity of the probe structure, which inhibited the access of the terminal ferrocene moiety to the electrode surface and decreased the redox current of the ferrocene moiety. A decrease in the redox current specifically indicates the presence of the target DNA. This method was reported to be a simplified detection method without labeling target DNAs or adding external electroactive species. It is based on a oneelectron transfer reaction of the terminal ferrocene moiety. We have focused on amplification of the signal obtained using this detection method by addition of external reagents, although using external signal amplification factors results in loss of some of the advantages of the previous method. To the best of our knowledge, there have been no reports on signal amplification for DNA detection methods based on a conformational flexibility change of probe structures.
In this paper, amplification of the electrochemical signal transduced from the hybridization event was preliminarily demonstrated using Fc-PNA as electron mediators of an external reagent [Fe(CN)6] 4-. It is well known that a ferrocene molecule is oxidized to become a ferrocenium ion and that [Fe(CN)6] 4-works as an electron donor to this ferrocenium ion. In addition, given the modification of the electrode surface so that only the ferrocene moiety, not the electron donor [Fe(CN)6] 4-, is selectively subjected to the direct redox reaction, redox reactions unrelated to the hybridization event can be minimized. As a result, the electron transfer reaction of the ferrocene moiety at the probe end is expected to be amplified only when the ferrocene moiety can reach the electrode surface, due to bending of the flexible probe (Fig. 1B) . The authors demonstrated that the anodic current increased from 0.138 to 1.96 mA before hybridization, and that the change in the anodic current before and after hybridization was enhanced from 0.207 to 0. 
Experimental

Reagents
The probe PNA conjugated with cysteine and ferrocene was purchased from Fasmac (Kanagawa, Japan). The structure was Fc-O-GCA ACC TTC CCT ATT ACT CCA C-O-Cys-NH2 (Fc-PNA) (22 mer), with Fc, Cys, and O denoting a ferrocene moiety, a cysteine moiety, and an ethylene glycol unit, respectively (Fig.  1A) . DNAs with a complementary sequence of 5¢-GTG GAG TAA TAG GGA AGG TTG C-3¢ (22 mer) and with a mismatched sequence of 5¢-AGA CAG CAA TAA CCA CAG TA-3¢ (20 mer) were purchased from Tsukuba Oligo Service (Ibaraki, Japan). 11-Hydroxy-1-undecanethiol (11-HUT) was purchased from Dojindo Laboratories (Kumamoto, Japan). Hydroxymethylferrocene (HMFc) was purchased from Wako Pure Chemicals (Osaka, Japan). All the other chemicals used were of analytical reagent grade. All aqueous solutions were prepared with deionized and charcoal-treated water (specific resistance >18.2 MW cm) obtained with a Milli-Q reagent grade water system (Millipore, Bedford, MA).
Preparation of electrodes
Gold disk electrodes (geometric area: 2.01 mm 2 ) were purchased from Bioanalytical Systems (BAS, West Lafayette, IN). The electrodes were polished with wet 0.3 and 0.05 mm alumina slurries (respectively, Alpha and Gamma Micropolish No. 2 deagglomerated alumina; Buehler, Lake Bluff, IL) on a felt pad for at least 10 min, rinsed repeatedly with water, and then cleaned in a sonicator. The polished electrodes were then dipped in a 0.5 M KOH solution deoxygenated by purging with argon gas for 15 min, followed by a cycling of potential between -0.4 and -1.4 V (vs. an Ag/AgCl reference electrode) at a scan rate of 0.1 V s -1 until the cyclic voltammogram showed no further changes, indicating that the electrode surface was clean. Then, cyclic voltammetry with a scan rate of 0.1 V s -1 in a 1 M H2SO4 solution deoxygenated by purging with argon gas for 15 min was performed to determine the purity of the electrode surface. 21 Electrodes modified with mixed monolayers of Fc-PNA and 11-HUT were prepared at room temperature by soaking for 2 h in a solution of 1:1 acetonitrile-1 M NaClO4 containing 100 mM of Fc-PNA, rinsing with the solution and ethanol, and then soaking for 12 h in an ethanolic 1 mM 11-HUT solution followed by rinsing with ethanol and water. 11-HUT was expected to function as an intermolecular spacer between Fc-PNA probes immobilized on the electrode surface to support them laterally by van der Waals interaction. Electrodes modified with 11-HUT monolayers were prepared at room temperature by soaking for 12 h in an ethanolic 1 mM 11-HUT solution followed by rinsing with ethanol and water. All the electrodes were stored at room temperature in a 0.1 M NaClO4 + 2.5 mM phosphate buffer solution (sodium salt solution, pH 7.0) until use.
Electrochemical measurements
Sample solutions containing 100 mM of DNAs were prepared by dissolving DNAs in 0.1 M NaClO4 + 2.5 mM phosphate buffer solutions. For hybridization, the Fc-PNA modified electrodes were incubated at 65˚C for 20 min, and then at room temperature for at least 20 min until the electrodes in the sample solutions had cooled.
All the electrochemical measurements were performed at room temperature in 0.1 M NaClO4 + 2.5 mM phosphate buffer solutions, deoxygenated by purging with argon gas for 15 min, using a three-electrode configuration consisting of an Ag/AgCl reference electrode, a platinum auxiliary electrode, and the prepared sensor electrode as a working electrode, using a CV-50W electrochemical analyzer (BAS). Cyclic voltammetry was performed and the potential was scanned from 0 to 0.65 V and again back to 0 V.
For measurements using HMFc, a 10 mM HMFc stock solution in ethanol was prepared. One hundred microliters of the 10 mM HMFc stock solution was diluted with 900 mL of the buffer solution to make a 1 mM HMFc solution. The solutions for electrochemical measurement were prepared by adding 10 mL of the 1 mM HMFc to 10 mL of the buffer solution for a 10 
Results and Discussion
Signal amplification for DNA detection based on Fc-PNA In a previous report, we characterized electrodes modified with Fc-PNA monolayers, 20 and found that the surface density of Fc-PNA was (2.8 ± 0.34) ¥ 10 -11 mol cm -2 , induced from the number of anodic charges associated with the electron transfer of the terminal ferrocene. This value was about 30-fold smaller than the typical value for the molecular density of alkanethiols (7.8 ¥ 10 -10 mol cm -2 ). 22 The obtained value was consistent with the reported values for monolayers of ferrocene-tagged DNAs used for sensors on the basis of their conformational changes. We thus concluded that an Fc-PNA monolayer would possess intermolecular spaces between the Fc-PNA probes large enough to permit the detection of DNA.
We found in our study that the hybridization of Fc-PNA to the corresponding complementary target DNA decreased the redox current of the terminal ferrocene. This can be explained in the following way: due to the double-stranded form being more rigid than the single-stranded form, hybridization inhibits the terminal ferrocene from reaching the electrode surface and thus the electron transfer reaction. As a result, the probe-modified electrode transduces the hybridization event into a measurable electrochemical signal due to a conformational flexibility change in the probe structure induced by hybridization, without the need for a labeling process or external indicators.
The sensors described in our previous report are based on a one-electron transfer reaction, related to the signal for hybridization between one probe and one target. On the 11-HUT monolayer, the selective electron transfer is expected to occur, as shown in Fig. 1C . The electron transfer of [Fe(CN)6] 4-is blocked by the 11-HUT monolayer even at a potential as high as about +0.5 V: it is too highly charged and hydrophilic to access the electrode surface and allow the redox reaction. The ferrocene moiety, however, adsorbs onto and/or penetrates into the monolayer, and is oxidized to ferrocenium at the surface at about +0.3 V due to its hydrophobicity. Cyclic voltammograms (CVs) obtained before and after hybridization of Fc-PNA to the complementary target DNA measured without or with the [Fe(CN)6] 4-marker are typically shown in Figs. 2A or 2B , respectively. The effect of the electroactive marker added to the system on the change in the CVs is summarized in Table 1 . In the absence of [Fe(CN)6] 4-, the anodic currents corresponding to the ferrocene reaction were observed to be 0.138 and 0.110 mA before and after hybridization, respectively, giving a current ratio of 0.793 (a decrease of 0.207). Upon the addition of [Fe (CN)6] 4-, in contrast, the anodic currents increased to 1.96 and 1.25 mA before and after hybridization, respectively, giving a current ratio of 0.638 (a decrease of 0.362). These results show the signal change to be enhanced 1.75-fold (0.362/0.207). Thus, the amplification of the sensor signal was achieved by marker addition to the sensing system due to the mediation of the marker reaction following Eq. (1). Given the ferrocene moiety proximal to the electrode surface, the redox reaction of [Fe(CN)6] 4-occurred via mediational electron transfer of the ferrocene. The oxidized ferrocene was regenerated with [Fe(CN)6] 4-and the rapid turnover of the ferrocene oxidation amplified the anodic peak current of ferrocene (Fig. 1B) . Sequence-specific DNA detection was also demonstrated. The electrode was then incubated in the buffer solution containing 100 mM of a mismatched DNA and showed the redox current to be nearly restored to the original level (Fig. 2B) . This is explained in the following way: the incubation process led to denaturation of the duplexes and the mismatched DNA was not (n = 4) as a typical value. b. Currents measured at 0.476 V, which is an anodic peak potential in the CVs measured before hybridization, corrected by subtraction of an appropriate baseline. c. Currents measured at 0.65 V corrected by subtraction of an appropriate baseline. involved in hybridization. This selective response was also observed when the electrode was incubated in the solution without the preceding hybridization process, showing almost the same current intensity as the original one. Similarly, the following hybridization to the target DNA then decreased the current. Accordingly, the sensors proved to detect the target DNA with sequence specificity and to be regenerated for repeated use. Here, signal amplification was observed even after hybridization and the reaction of the ferrocene moiety was also measured as residual peaks in the voltammograms, where the concentration of the target DNAs was high enough to form duplexes with the probes. This is probably due to the probes being hybridized but lying down on the electrode surface, as discussed in our previous report. 20 
Signal amplification mechanism
This signal amplification was also observed using a diffusional ferrocene derivative that was untethered to the electrode surface. (Fig. 3A) . In the absence of HMFc, the redox peaks of [Fe(CN)6] 4-marker did not appear in the CVs (Fig. 3B) , in which the direct reaction of the marker via the 11-HUT monolayer was blocked. In the presence of HMFc, however, an anodic peak was observed that was attributable to the oxidation of HMFc. HMFc adsorbed on the alkanethiol monolayer mediated the electron transfer reaction of [Fe(CN)6] 4-. These results are supported by those from several research groups. [23] [24] [25] [26] Their reports are on electrochemically amplified detection methods of ferrocene derivatives enhanced by regeneration with [Fe(CN)6] 4-as an electron donor based on Eq. (1) . In this study, we utilized the catalytic character of ferrocene and demonstrated signal amplification for detection of oligonucleotides enhancing the hybridization event.
In this system, hybridization decreases the sensor signal by moving the terminal ferrocene moiety to the distal position and by attenuating the catalytic character of the ferrocene moiety. This is of course the main reason for the decreased sensor signal. The surface negative charge induced by hybridization is another factor, resulting in the 1.75-fold enhanced signal change. We have studied oligonucleotide sensors based on the change in the surface charge induced by hybridization, where the redox reaction of the [Fe(CN)6] 4-marker was inhibited by the repulsion between the marker and the surface charge. 
Conclusions
Sensors composed of Fc-PNA possessing the terminal ferrocene were originally based on a one-electron transfer reaction, related to the signal for hybridization between one probe and one target. To enhance the sensor sensitivity, a hydrophilic electron donor, [Fe(CN)6] 4-, was added to the measurement solution, in which the direct reaction of the donor was prevented by the 11-HUT monolayer at the electrode surface. Given that the ferrocene moiety is proximal to the surface, the redox reaction of [Fe(CN)6] 4-occurs via catalytic electron transfer of the ferrocene. As a result of hybridization, the ferrocene moiety is moved away to the distal position, and the anodic current then decreases. Consequently, the signal amplification was achieved by using the diffusible sacrificial electron donor and the change in the anodic current before and after hybridization was enhanced 1.75-fold, compared to the system without [Fe(CN)6] 4-. Sequence-selective DNA detection was also demonstrated.
Hybridization restricts the access of the terminal ferrocene moiety to the proximity of the electrode surface and the ferrocene mediated-catalytic electron transfer reaction of [Fe(CN)6] 4-. It simultaneously induces a surface negative charge, and electrostatic repulsion contributes to the inhibition of the reaction of [Fe(CN)6] 4-. We believe that these factors amplify the signal change before and after hybridization. 
